This paper reports the results obtained in a research conducted to evaluate austempered ductile iron (ADI) as a wear resistant material for the production of machine parts processed at intermediate and high austempering temperatures (Ta). Severe abrasion in actual service performance trials and low stress abrasion laboratory tests (ASTM G-65) were carried out along with microstructural characterization by optical microscopy and X-ray diffraction. The results derived show that ADI yields excellent abrasion resistance under the operating conditions resulting from the field tests when Ta is raised. Nevertheless, ADI show an opposite trend under the low stress abrasion conditions imposed by the dry sand/rubber wheel abrasion apparatus (ASTM G-65). The presence of a metastable and ductile ausferrite phase (reacted and unreacted austeniteϩferrite) in ADI microstructure appears to be the most relevant factor influencing the performance observed. In addition to a high deformation capability detected at the wear surfaces, an austenite to martensite transformation took place as determined by X-ray diffraction. These two factors combined make the ausferritic microstructure overcome hardness reduction when the austempering temperature is raised, improving or sustaining the resistance to severe abrasive wear but, at the same time, increasing impact toughness.
Introduction
The abrasive wear mechanism occurs when the surface asperities of one body contact and indent the surface of a softer second body in relative motion, removing material by micro-cutting and/or micro-ploughing, and thereby creating a scratch. The abrasive wear is of particular concern in industrial areas such as mining, agriculture, earth moving, etc.
The magnitude of the damage caused by abrasive wear depends on several factors, such as: contact pressure, velocity, temperature, humidity, the wearing to abrasive material hardness ratio, the abrasive geometry, etc. Owing to the large number of possible combinations of influential factors, abrasive wear is frequently classified according to the conditions under which wear takes place. 1) Among classifications, two-and three-body abrasive wear are probably the most frequently employed. Low-and high-stress abrasion classifications are common practice too.
One of the most important factors affecting abrasion resistance is the microstructure of the material being abraded, generally characterized by its hardness when this wear mechanism is of main concern. The amount of material removed by abrasion depends on the volume of the individual scratches, and hence on hardness.
2) The higher the hardness the shallower the scratch is, thus promoting the common and often valid assumption that abrasion resistance can be optimized by increasing material hardness. This was demonstrated to be true for pure metals. 3) Still the rate at which the abrasion resistance increases with hardness is lower for alloys, either with matrices strengthened by heat treatment, deformation or reinforcing particles. 4) • Abrasive Wear Resistance of Austempered Ductile Iron. ADI provides engineers with the distinctive benefits of conventional ductile iron plus enhanced mechanical properties thanks to a particular microstructure called ausferrite obtained by austempering. Such microstructure consists of graphite nodules immersed in a matrix of ferrite needles or feathers (depending on heat treatment temperature) and retained austenite.
Previous research characterized the mechanical properties of ADI over a range of austempering temperatures (Taϭ220-360°C). 5, 6) Some authors call structures obtained bellow Taϭ280-300°C austempered bainitic ductile iron or ABDI. The results show that abrasion resistance increases as austempering temperature decreases, also leading to a higher hardness. Even in laboratory and field tests on soil plowing tools [7] [8] [9] [10] ADI wear resistance was observed to increase as austempering temperature decreased. Based on the observation of wear scars shape, it is clear that all these experiments were conducted under low stress abrasion.
Laboratory tests have demonstrated that ADI highest wear resistance was obtained at intermediate austempering temperatures grades.
11) It was also reported 12) that the abra-sive wear resistance (ASTM G 65) and hardness of permanent molded ADI castings could be increased by raising the amount of retained austenite upon Si content reduction. When tested in a pin-on-disk abrasion test, 13) frequently regarded as a high stress test, ADI has yielded higher abrasion resistance than Q&T ductile iron, Q&T steels and austempered steels of similar hardness. This behavior was attributed mainly to the presence of austenite and to its subsequent strain-induced transformation to martensite.
Other studies have been undertaken to evaluate the potential use of ductile iron in earth moving equipment parts with a single pass grooving pendulum.
14) It was demonstrated that for constant austempering temperature, the wear resistance reached its peak at the austempering time promoting the highest austenite content. As the austempering temperature decreased, both the wear resistance and the hardness increased, while austenite levels decreased. 15) Nevertheless, it has also been reported that the wear behavior of ADI depends on the retained austenite content, though whether it will be beneficial or not, depends on the tribosystem. 16) In a previous work 17) the authors reported that, unlike the common understanding, as austempering temperature increases and hardness decreases, the resistance to abrasion of ADI bucket tips increases, reaching higher values than those obtained for Q&T steel used as reference material. This behavior was detected for high stress abrasion as determined by the wear scar analysis.
The high abrasion resistance of ADI has been related to its unique microstructure. ADI matrix microstructure may contain up to 35-40 % austenite that transforms into martensite in service when abraded. 13, 17, 18) The austenite features good ductility, and the martensitic transformation itself is accompanied by some plastic deformation, which involves extra energy consumption in order to cut and remove a microchip during abrasion.
There is no evidence in the literature of a clear relationship between ADI's microstructure and wear performance. This could be attributed to the lack of a detailed description of the abrasive tribosystems, 1) taking them as part of the same category, while, in fact, they are very different.
Therefore, the objective of the present work was to evaluate the abrasion resistance of ADI obtained at different austempering temperatures under two different abrasive severities. Wear resistance was assessed in field tests using ADI tips mounted on a wheel loader bucket as well as with laboratory wear tests in a dry sand-rubber wheel abrasion test to compare the material performance under two different tribosystems. Considering prior results which yielded an increase in abrasion resistance as hardness decreased, the present study determines the limit for the austempering temperature rise at which the abrasion resistance begins to decrease in field tests. Apart from the detailed microstructural characterization by optical microscopy and X-ray diffraction, a wear scars analysis was conducted.
Experimental Procedure

Samples Production
The ductile iron tips and the Y-blocks (ASTM A 395) were made from the same batch of cast iron produced in a cupola furnace. Inoculation and nodulization were made with FeSi and FeSiMg, respectively. Laboratory test samples were machined from the Y-blocks and then austempered together with the tips by austenitizing at Tgϭ920°C during tgϭ120 min in a muffle, and then soaking in a salt bath for the isothermal transformation at Taϭ280-360°C during taϭ120 min. Table 1 lists the austempering temperatures used and the identification given to the samples.
Microstructural Examination
The chemical composition was determined by means of a Baird Spark Emission Optic Spectrograph with DV6 excitation source. The metallographic samples preparation was carried out as prescribed by standard polishing techniques and etching with 2 % Nital.
X-ray analyses were performed to determine the retained austenite (g ret ) content by using a Phillips goniometer with a Co-Ka X-ray tube operating at 40 kV/30 mA. The scan ranged from 48 to 54 degrees of 2q, where the austenite (g-111) and ferrite (a-110) peaks are located, with a data collection velocity of 1°/min. The retained austenite was measured on non-deformed surfaces obtained by classical metallographic preparation, and then etched at a depth of up to ϳ40 mm, by using HNO 3 20 % in order to eliminate deformed layers. The retained austenite content was also measured over worn surfaces at the end of the tip life.
Mechanical Tests
All samples for tensile and laboratory wear tests were machined from the Y-blocks. The Brinell hardness of the samples was measured by using a bench tester with a 2.5 mm tungsten carbide ball and 187.5 kg load (HBW 2.5/187.5 ).
Tensile tests were performed in accordance with the ASTM E 8 standard. The reported values are the average of three determinations.
The samples abrasive wear resistance, either pertaining to the laboratory or the field tests, was evaluated by means of the Relative Wear Resistance index-E. Such index was calculated as the relation between the volume loss experienced by a reference material with respect to ADI sample, in agreement with Eq. Where: EϭRelative wear resistance DV R ϭAverage Reference volume difference DV S ϭAverage Sample volume difference The laboratory abrasion tests were performed under the ASTM G 65 standard, and the E values were obtained by using SAE 1010 as reference material. The test uses
rounded quartzitic sand of about 0.2 mm in diameter. The weight of the samples was measured by a 0.1 mg precision scale, and then converted to volume loss. The reference and sample tips used in the field tests were mounted on a 2 m 3 bucket of a 110 HP wheel loader. The loader was involved in handling and loading quartzitic gravel with a compression resistance of 1 000 kg/cm 2 and a 10-30 mm size range. Eight tips were mounted on the bucket, six of them made of the experimental iron and the remaining two of the reference iron, in this case the ADI280 variant. Tips were removed periodically during service, weighed and then re-placed in the same position in the bucket. Depending on their position in the bucket, the tips suffer different wear rates. Between them, the two at the center of the bucket have similar wear rates, therefore, the DV R and DV S values were calculated by the weight lost by the reference and sample tips located in these positions, whilst the remaining were used for reference purposes only. Two sets of tips were evaluated in the field for each austempering temperature variant. Weight differences were measured by an electronic scale with a 5 g sensitivity.
The wear scars were analyzed by optical macro and microscopy and the individual scratches, with a profile meter Talysurf Surtronic 3ϩ.
Results and Discusion
Chemical Composition and Microstructural
Characterization The chemical composition of the alloy is listed in Table  2 . The melt includes low amounts of Cu and Mo added to provide this application with sufficient austemperability. The equivalent carbon (ECϭ4.34) was almost eutectic so as to avoid primary nodules formation.
The alloy austemperability was evaluated by microstructural analysis and hardness measurements for the ADI360 variant. A tip was cut along its longitudinal axis and the results demonstrate that the microstructure was fully ausferritic both close to the surface, (Fig. 1(a) ) with a hardness of 317 HBW 2.5/187.5 and at the center of the tip, (Fig. 1(b) ) with a hardness of 306 HBW 2.5/187.5 . No evidence of pearlite precipitation was detected, thus confirming that the austemperability given by the alloying elements was enough for the tip size. The decrease in hardness to the center of the tip is normal and originated by the cooling rate gradient. As for the other ADI variants, the higher cooling rates favor pearlitic structures avoidance.
The X-ray diffraction diagrams for samples of ADI280 to ADI340, superimposed on the same plot in Fig. 2 , illustrate austenite (g-111) and ferrite (a-110) peaks. The results show that the amount of retained austenite (g ret ), indicated by the height of the g-111 peak, increases as the austempering temperature does too. Table 3 lists the retained austenite content measured from the X-ray diffraction diagrams. The amount of retained austenite rises from 13.0 % at Taϭ280°C up to 41% at Taϭ340°C. It is considered that, at low Ta, ferrite needles grow rapidly within the austenite due to the high driving force. Yet at the same time, carbon diffusion is low and austenite saturates in carbon, thus precipitating e carbides. The reaction proceeds continuously and the resulting amount of g ret is low. 19 the other hand, when Ta is high the driving force is lower, though carbon diffusion is higher. Hence during the growing process of ferrite, carbon is rejected and piles up ahead of the moving interface and then diffuses into the surrounding austenite enriching this phase up to ϳ2% C, and then ferrite growth is arrested. 19) With such carbon content in the austenite, M s temperature decreases and, therefore, a larger amount of g ret is obtained. Figure 3 depicts the X-ray diffraction diagrams obtained for ADI tips worn surfaces. The pattern of peaks shows noticeable changes as a result of the wear process. Compared to the unworn specimens, worn samples show wider and shorter peaks. The decrease in intensity of the g(111) is particularly marked, due to the austenite to martensite transformation.
Mechanical Properties
• Tensile Tests. The results of the tensile tests performed are listed in Table 3 , with the reported values obtained as the average of three samples. The tensile properties were evaluated for the ADI variants austempered from Taϭ280°C up to 340°C, rendering values for the ultimate tensile strength (UTS) from 1 490 MPa down to 1 190 MPa, respectively (Fig. 4) . This figure also shows the values for yield strength (YS), ranging from 1 250 MPa for Taϭ280°C to 1 100 MPa for Taϭ340°C. These results indicate classical trends and levels for ADI strength with respect to the austempering temperature, as dictated by the ASTM A 897 standard. Table 3 lists the results of hardness readings corresponding to the laboratory samples obtained from the Y-blocks, with values ranging from 368 up to 482 HBW 2.5/187.5 for Taϭ340 and 280°C, respectively.
• Laboratory Wear Tests. Using the volume loss values obtained from the laboratory wear tests, the Relative Wear Resistance index "E" was obtained for two reference materials: SAE 1010 with a density of dϷ7.7 g/cm 3 , and ADI280 ductile iron with a density value of dϷ7.1 g/cm 3 . Figure 5 shows the relative wear resistance of ADI as a function of austempering temperature. The results were obtained from the dry sand/rubber wheel abrasion tests, and E values are given for the two reference materials used. The abrasion resistance was higher for the lower austempering temperatures (E SAE1010 ϭ2.4@Taϭ280°C), and tended to decrease for the highest austempering temperatures evaluated (E SAE1010 ϭ2.0@Taϭ340°C). Previous results 17) obtained for Taϭ240, 260, and also 280°C as in the present paper, were also included in Fig. 5 in order to analyze the trend over a wider austempering temperature range, even when sometimes these low austempering temperatures are not considered to promote pure ADI structures. Figure 5 also shows the relative wear resistance with ADI280 as reference material (E ADI280 ).
• Tips Service Assessment. Figure 6 shows the E versus service life curves obtained for the field tests carried out by mounting the tip samples on a wheel loader bucket. In such same figure (Fig. 6) , the E values attained for the present work are compared to those obtained in a previous work for lower austempering temperatures, i.e. at Taϭ240, 260 and 280°C. All tips made of ADI300 to ADI360 yielded consistently higher E with respect to the reference material ADI280. Figure 7 shows the value of E as a function of austempering temperature at 160 h of service life, i.e. once the different curves seem to be stabilized after the initial stage. As opposed to laboratory tests observations, in field tests, i.e. under more severe abrasive conditions than those in the laboratory, results reveal that the relative wear resistance increases as ADI austempering temperature does. E increases markedly up to Eϭ1.4@Taϭ300°C, and then there is a slight decrease in the wear resistance till Eϭ1.3@Taϭ360°C. Figure 7 also shows that hardness decreases as the austempering temperature increases, as expected. Noticeably, the trend of E variation for the field tests opposes that observed in laboratory wear tests. These results show that for the service conditions investigated, the greater abrasion resistance is obtained for ADI austempered at temperatures between 300 and 360°C, and as it was proposed for the present investigation the highest abrasion resistance was found at Taϭ300°C. It should be noted that in a previous research 17) the ADI280 variant showed an abrasion resistance EϾ1.35 with respect to a quenched and tempered steel (0.31 % C, 0.5 % Cr, 0.13 % Mo) with a hardness of 50 HRC.
• Wear Scars Analysis and Degree of Wear. The different abrasive conditions between laboratory and field tests lead to different wear scars. Figures 8(a) and 8(b) show the surface of and ADI280 laboratory test and field test samples, respectively. The scratches of the laboratory test sample are smaller, parallel and shallow, being difficult to observe even by tilting at the SEM. Scratches on the field test specimens, conversely, are much larger (about an order of magnitude wider), and feature plastic flow by the formation of lips at the scratches edge. This clearly indicates that the material was subjected to more severe plastic deformation in the field tests.
The extent of plastic deformation under the surface was analyzed. Figures 9(a) and 9(b) depict the microstructure under the wear scars of ADI 280 laboratory and field test specimens, respectively. As shown by the change in the shape of the graphite spheroids and the matrix, the layer of material affected by plastic deformation was thinner than 5 mm for the laboratory test sample ( Fig. 9(a) ) while, a severely deformed layer reaching a depth of nearly 100 mm was observed at the surface of the field test specimens. Scratch Test: A typical scratch process can be assumed to be produced by a conical tip with a section (A v ). During the process, a portion of material is displaced to the sides of the scratch (A 1 , A 2 ) by plastic deformation, Fig. 10(a) . The f ab factor or "degree of wear" (Eq. (2)) is the relation between the material being cut away or lost by the asperity action (A v Ϫ(A 1 ϩA 2 )) with respect to the section of the scratch (A v ). The number so derived accounts for the balance between the ability of the material to accommodate itself by plastic deformation (rather than being cut away like a chip) and its hardness or resistance to penetration. 20, 21) The greater the f ab , the larger the wear rate is. Fig. 10(a) shows the material build up at the edges of the scratch. For scratches made with 1 kg load, A v depths of about ϳ6.5 and ϳ7.5 mm and A 1 , A 2 heights of ϳ4.0 and ϳ5.0 mm were measured for ADI280 and ADI320, respectively. These values resulted in similar degree of wear ( f ab Ϸ0.4) for both ADI variants, also demonstrating by the scratch test that the lower hardness level of ADI320 does not necessarily correspond to a lower abrasion resistance.
Discussion
By replicating previous results and extending the analysis to higher and wider austempering temperature range, this study proved that ADI's response to abrasive wear strongly depends on the tribosystem. Two different wear tests were used to this end, the dry sand rubber wheel abrasion test in the lab and a wheel loader in the field. The different abrasiveness of both tests was evaluated and corroborated by the wear scars analysis.
The laboratory tests wear scar show a relatively smooth surface profile with a shallow deformation layer. Even though the strain-induced austenite to martensite transformation should occur, as is the case for ADI tips, this is difficult to observe 17) with the diffraction technique used. This is due to the relatively deep measurement volume with respect to the thin deformed layer (shallower than 5 mm), since 90 % of the collected data comes from the first 15-20 mm.
The concepts of "degree of penetration (Dp)" and "wear mode" 22) predict that for the rounded abrasive particles employed, with an average diameter of ϳ200 mm, and a hardness of 400 HBW for the abraded material, the load over each particle should be higher than 0.5 kg for micro-cutting abrasion. Therefore, micro-ploughing and hence micro-fatigue are the most probable micromechanism for the laboratory tests. Under these loading conditions usually termed low stress, ADI abrasion resistance has a clear trend to increase with hardness.
On the other side, field tests have shown more severity than laboratory tests, as seen by the wear scars and the depth of the deformed layer. Even though the ductility of ADI in tension was relatively low as a whole because of graphite nodules presence, the matrix was able to accommodate high degrees of deformation. This is possible for ADI at the scale at which the abrasion scratches take place, thanks to the ausferrite ductility as shown in Figs. 8 and 9 . This promotes the matrix strengthening as well as the austenite to martensite transformation as evidenced in Fig.  3 . The plasticity of the higher austempering temperatures also proved to be beneficial according to the f ab analysis on ADI280 (482 HBW) and ADI320 (409 HBW) variants, whose degree of wear ( f ab Ϸ0,4) is similar, though their field abrasion resistance values are of E ADI280 ϭ1.0 and E ADI280 Ϸ1.4, respectively. Thus the lower hardness level of ADI320 does not necessarily correspond to a lower abrasion resistance as it is usually thought. Similar results were obtained in previous research 23) wherein f ab factors for ADI and Q&T ductile iron were compared.
Under the loading conditions of the field tests, ADI abrasion resistance increases as hardness decreases up to Taϳ300-320°C, and then it tends to decrease at a low rate up to the temperature evaluated in this study, Taϭ360°C. It should be noted that even when field abrasion resistance slowly decreases over Taϭ300°C, at the same time according to the ASTM A 897 standard, an increase in impact toughness from approximately 60 to 110 Joules is concurrently expected. This shows that even with a bit lower abrasion resistance, higher austempering temperatures could be an excellent choice for many applications also involving impact loads. Similar results were presented by Zimba et al. 24) 
Conclusions
The results of the present study have shown that ADI's response to abrasive wear depends on the tribosystems, yielding significant differences between laboratory (low stress) and field (high stress) abrasion tests.
Field tests carried out on bucket tips made of ADI demonstrated that the abrasion wear resistance of high austempering temperature ADI is greater than that measured on harder grades of ADI, austempered at lower tem- peratures. The decrease in hardness is compensated by an increased ductility allowing ADI matrix to accommodate. It was determined that under this testing conditions abrasion resistance was highest at about TaϷ300°C, and then has a small decrease up to Taϭ360°C. An interesting feature accompanying this response to wear, is an increase in impact toughness, as predicted by the ASTM A 897 standard.
The behavior of ADI observed for the dry sand/rubber wheel abrasion laboratory tests reflected an opposite trend, increasing wear resistance as hardness increased too. Far from invalidating the use of this laboratory test, these results show that its use should be carefully evaluated and applied to rank candidate materials for a given application and used for those tribosystems with similar characteristics, for example the wear scars.
